Objective: In adult men, inhibin B (InhB) regulates FSH secretion by a negative feedback. The aims of this study were to evaluate the changes of InhB during puberty in the male and the relationship between InhB and FSH, LH, testosterone and testicular volume. Design: Cross-sectional study. Methods: InhB was measured using a two-site ELISA in 100 healthy boys subdivided by their pubertal development according to Tanner into five groups of 20. Results: During puberty we observed an increase of InhB level (G1 ¼ 84.3 pg/ml, G3 ¼ 132.2 pg/ml, G5 ¼ 206.1 pg/ml). In G1, InhB correlated positively with FSH (P ¼ 0.0001), LH (P ¼ 0.005), testosterone (P ¼ 0.001) and testicular volume (P ¼ 0.007); in G5, InhB correlated inversely with FSH (P ¼ 0.001) and LH (P ¼ 0.045) and directly with testicular volume (P ¼ 0.013). The multivariate analysis demonstrated that: in G1, FSH is the most important, and testosterone the second most significant, stimulus for InhB increase; in G2 only FSH has a positive effect on InhB variation; in G3 only mean testicular volume fits the model (G1 -G3: InhB dependent variable); considering the FSH dependent variable, in G4, InhB is the most important stimulus for FSH decrease and mean testicular volume is a secondary directly proportional variable; in G5, only InhB shows a significant inverse relationship with FSH. Conclusions: During puberty there is a regular increase of InhB. In the first phases of gonadal maturation, InhB and FSH correlate positively, while in mid-late stages the relationship is inverse. We found that in mid-puberty (G3 -G4), the serum concentration of InhB increases, as its inverse relationship with FSH is being established and hence spermatogenesis.
Introduction
The onset of male puberty is clinically characterized by an increase in testicular volume, consequent to reactivation of the hypothalamic -pituitary-gonadal (HPG) axis. An adequate follicle-stimulating hormone (FSH) concentration is necessary in the first pubertal stages to induce proliferation and differentiation of Sertoli cells (1) . Inhibin B (InhB) is a heterodimeric glycoprotein, consisting of an a-and a b-subunit covalently linked by a disulfide bond (2) . Using an ELISA method specific for the dimeric form, and capable of distinguishing between InhA, InhB and pro-aC-related immunoreactive peptides, an inverse relationship between FSH and InhB was demonstrated in men with both normal and abnormal spermatogenesis (3) and an InhB concentration below the limit of detection in ten patients with therapeutic bilateral orchidectomy (4) . The change in InhB value and its relationship with FSH have been studied from birth to puberty. It has been demonstrated that in boys, InhB values peak during the first few months of life and remain at measurable levels during childhood with a nadir at 6-10 years. This is in contrast with other hormones of the HPG axis: FSH, luteinizing hormone (LH), testosterone and estradiol, which after the neonatal peak decrease to very low levels (5, 6) . In pre-pubertal boys, human FSH therapy increases InhB production and induces combined Sertoli cell proliferation and elongation of seminiferous tubules (7) . At the start of puberty InhB levels increase more rapidly than the other endocrine signals associated with reproduction: a cross-sectional study of 400 healthy boys showed a significant increase in InhB from puberty stage G1 to G2 (8) . Crofton et al. (6) demonstrated a significant increase in InhB between phases G2 and G3. By analysis of semen characteristics in pubertal boys, Janczewski & Bablok (9, 10) highlighted the appearance of spermatozoa in the seminal fluid at around 13.5 years and a testicular volume of 10 ml in mid-puberty. The aims of the present study were to evaluate the changes of InhB during male puberty and the relationship between InhB and FSH, LH, testosterone and mean testicular volume (MTV), to verify the hypothesis that the increase in InhB concentration during puberty can be correlated with an increase in testicular volume and hence spermatogenesis.
Materials and methods

Subjects
The study design included 100 healthy subjects, subdivided by their pubertal development according to Tanner (11) into five groups of 20. The subjects all came under our observation from January to December 2001 for clinical assessment of pubertal development and were at the normal stage of pubertal development for their chronological age. The sign for clinical onset of puberty (G2) was considered as testicular volume . 3 ml. Inclusion criteria were the absence of acute and chronic pathologies, in particular uro-andrological pathologies such as cryptorchidism, varicocele and orchiepididymitis, and endocrine pathologies (diabetes and dysthyroidism). All boys had normal free triiodothyronine, free thyroxine, thyrotropin, growth hormone, insulin-like growth factor-I and cortisol concentrations; none showed a bone age more than^1.5 S.D. away from their chronological age. Gonad volume was measured using the Prader orchidometer (12); boys demonstrating greater than 20% testicular dysmetria were excluded from the study. MTV, FSH, LH, testosterone and InhB were the variables measured. All subjects and their parents were asked for and provided their informed consent.
Hormone assays
Fasting morning blood samples were taken from patients between 0800 and 0900 h from an antecubital vein. Samples were centrifuged after 30 min and the serum immediately frozen at 2 80 8C for InhB analysis and 2 20 8C for other analyses. Serum InhB was measured in duplicate using a two-site ELISA (Serotec, Oxford, UK). The detection limit was 15.0 pg/ml and intra-and inter-assay coefficients of variation were 6.3 and 7.9% respectively at 128 pg/ml for our laboratory. Serum FSH, LH and testosterone were measured by an immunofluorometric assay (Autodelfia; Perkin-Elmer Life Sciences), with detection limits of 0.05 U/l, 0.05 U/l and 0.3 nmol/l respectively; intra-and inter-assay coefficients of variation were 3.6 and 5.4% at 3.2 U/l (FSH), 3.8 and 5.5% at 4.1 U/l (LH) and 2.4 and 4.1% at 11.5 nmol/l (testosterone) for our laboratory.
Statistical analysis
A descriptive statistical analysis was performed on the data obtained to verify their reliability. After having confirmed a Gaussian distribution of the data, an ANOVA test was applied to compare means of the variables at each pubertal stage. Univariate linear regression was used to examine the relationship between InhB and other variables at each pubertal stage. Following this, a multiple linear regression model was used, with a stepwise selection procedure for the independent variables. On the basis of current knowledge of the InhB action mechanism, InhB was considered as a dependent variable for stages G1 -G3, and as an independent variable in G4 -G5 on the basis of its documented action on hypophysial FSH secretion. Statistical significance, for all tests used, was at P , 0.05. Statistical analysis was realized with the SPSS program (SPSS Inc. release. no. 10, 1999).
Results
In Fig. 1 , InhB values are plotted vs age; after 10 -11 years there was a regular increase of InhB concentration until 16 -17 years.
Serum InhB, FSH, LH, testosterone and MTV in relation to pubertal stage
In the scatter diagram ( Fig. 2 ) InhB levels in serum are represented in the 100 subjects divided by pubertal stage. It can be seen that stages G4 -G5 show a notable difference in values with respect to the previous stages. ANOVA comparison of the means of the six variables for each pubertal stage demonstrated significant differences for them all. Figure 3 highlights changes in each variable: MTV undergoes a highly significant linear increase throughout pubertal development (in all comparisons P ¼ 0.001); testosterone rises very slowly during G1 -G2 (not significant) and then jumps rapidly for G2 -G3 (P ¼ 0.001) and G3 -G4 (P ¼ 0.001); LH, which already seems to reach adult levels by G2, thus anticipating the increase in testicular volume and testosterone, shows a notable increase from G1 to G2 (P ¼ 0.001) and an even more marked increase from G2 to G3 (P ¼ 0.001); FSH seems to be the first parameter to notably increase from G1 to G3 (G1 vs G2 P ¼ 0.001; G2 vs G3 P ¼ 0.016), but then remains relatively constant; InhB rises slowly from G1 to G2 (not significant), more rapidly from G2 to G3 (P ¼ 0.016), and even more rapidly from G3 to G4 (P ¼ 0.002), with a final, smaller increase from G4 to G5 (not significant). As expected, a marked variability was seen both interand intra-group (Table 1) .
Relationship of InhB with age, FSH, LH, testosterone and MTV at different pubertal stages
The relationships evaluated by simple linear regression (Table 2) highlighted that in G1, InhB has a significant, direct dependency on all variables. In G2, InhB has a significant, direct dependency on FSH, testosterone and MTV but not on age and LH. In G3, there was a direct dependency only on MTV. In G4, a highly significant inverse dependency was found with FSH and a modest dependency with testosterone. Finally, in G5, a distinct inverse relationship with FSH remained, but a modest inverse relationship with LH was also seen, as was a direct relationship with the increase in MTV. The complexity of the developmental process and the consequent relationship between diverse hormones suggested the use of the multiple linear regression model. The model previously used was incapable of selecting those variables with a real role in gonadal maturation and of investigating the strong relationship between FSH and InhB documented in other studies. As already noted, InhB was considered as the dependent variable for stages G1 -G3, and FSH for G4 and G5 ( 
Discussion
InhB demonstrates a progressive increase throughout puberty, until it reaches normal adult values as seen in studies of adults with normal spermatogenesis (data not shown). As can clearly be seen in Fig. 2 , InhB concentrations show a notable increase in stage G3 and above all in stage G4, in which it stabilizes until the end of puberty (G5). In a cross-sectional study (8) of 400 healthy boys the InhB increase was already documented at stage G2, where it reached levels similar to those seen in adults males and thus did not undergo further alteration during pubertal development. In a recent study Crofton et al. (6) demonstrated a significant and progressive increase in InhB from late pre-puberty (G1) to G3, subsequently observing a small decrease in stages G4 and G5. In both of these earlier studies, InhB is seen to increase earlier or more dramatically that other endocrine factors. Data from our group seem to shift the progressive InhB increase to a more advanced development stage (G3 -G4) than previous studies. Such differences, which may be biologically important, do not seem to be due to the clinical characteristics of the subjects Figure 2 Scatter diagram of InhB values during puberty in 100 healthy subjects, divided by their pubertal stage according to Tanner (11) . The mean value of InhB increases particularly from G2 to G3 and from G3 to G4. In the late phases of puberty (G4 and G5), we observed a very large range of concentrations. Figure 3 Mean of FSH, LH, testosterone, InhB and MTV, plotted against genital stage in 100 healthy subjects. FSH notably increases from G1 to G2 and G2 to G3, after remaining at a relatively constant level during late puberty; LH shows a notable increase from G1 to G2, and an even more marked increase from G2 to G3, after remaining at a relatively constant level during G4 and G5 stages; MTV shows a linear increase during pubertal maturation; testosterone (T) rises slowly from G1 to G2, increasing rapidly from G2 to G4, then rises slowly from G4 to G5; InhB rises slowly from G1 to G2, more rapidly from G2 to G3, even more rapidly from G3 to G4, and rises slowly from G4 to G5. placed into the various pubertal stages. It can also be seen that in the present study the number in the various groups is the same, whereas in the two previously cited studies there was a clear difference, with a strong stage G1 and G5 prevalence in Andersson's study (8) and prevalence of G1 alone in Crofton's work (6) . Furthermore, the difference between our study and previous works may relate to timing of the blood samples, because at 0800 -0900 h FSH values relate more closely to overnight pulsatile secretion. This may have uncovered a relationship with InhB that was not picked up by earlier studies. In the middle phase of male pubertal maturation (G3) we observed an acceleration in the growth of testicular volume preceding the spurt in height. This is the most delicate and important moment, as meiosis is completed and gametogenesis proceeds until more mature stages are reached (spermarche). This is in general agreement with Nielsen In the first stages (G1 and G2) both the variables positively correlate; in G4 and G5 variables negatively correlate.
et al. (13) , who reported that spermarche occurred at a median age of 13.4 years (range 11.7 -15.3 years) with a median estimated testicular volume of 11.5 ml (wide range from 4.7 to 19.6 ml), and a median pubic hair stage of 2.5 (range stages [1] [2] [3] [4] [5] .
Our data show a strong positive relationship between FSH (as the independent variable) and InhB in pre-puberty and the initial stages of gonadal maturation. Previously reported data (8) show a more irregular progress of the correlation between FSH and InhB, with a positive statistical correlation only at stage IB, consisting of boys aged 9 or above, and not at stages IA or II. However, when the effect of age was considered at stage IB, the statistical significance disappeared. The difference between our results and previous studies, at least for stage G1, may be due to the age of our subjects, who were referred for evaluation of pubertal development and especially of the level of hypophysis activation, on average more advanced (higher mean FSH and MTV) than in those studied by the Danish group (8) . In any case, taken together the results demonstrate that the positive relationship may begin on the initiation of FSH gonad stimulation, immediately before any clinical evidence of the start of puberty. From this point of view the direct action of FSH on the Sertoli cells determines the increase in InhB secretion highlighted in all the studies and could thus explain the positive correlation we also found in stage G2 between FSH and InhB. Our analysis also suggests that FSH may be the most important stimulus for InhB production, in agreement with the data of Andersson et al. (14) . During pubertal maturation the relationship inverts and becomes negative, as seen in adult males. Our results, in agreement with previous data (6) , indicate that this occurs in mid-puberty, phase G3. We have hypothesized that this stage contains boys with their spermatogenesis in evolution, but partially differing, and that it should therefore be possible to find both subjects with a still positive correlation, and those in whom it has already inverted. The global evaluation of these two types, with functionally diverse gonadal maturation although both clinically and auxologically categorized as stage G3, leads to the absence of correlation seen here. In fact, the multiple linear regression model demonstrated a significant positive correlation only with the MTV. It may be possible to subdivide phase G3 into early-G3 and late-G3 on the basis of testicular volume (G3A: MTV # 10 ml; G3B: MTV . 10 ml), which would indicate when this developmental change has taken place.
The relationship found between InhB and MTV at G5 may be related to spermatogenesis levels for the demonstrated relationship between InhB and sperm concentration in men with normal spermatogenesis (15) .
It is interesting to note that the negative effect of MTV on FSH values highlighted by the multivariate analysis model, unmediated by InhB, the main variable, could be tied to testicular follistatin production (16) .
The early increase in FSH concentration stimulates the Sertoli cells and induces the increase in serum InhB levels, in late pre-puberty (stage G1) and in early puberty (G2): this determines the pubertal phase of Sertoli cells proliferation and differentiation (1) . During this period, as in the neonatal phase, there is a strong positive correlation between FSH and InhB.
In contrast, InhB increase in mid-puberty (G3 -G4) coincides with the maturation of the male gonad and completion of spermatogenesis, and is characterized in normal individuals by the appearance of a significant negative correlation between InhB and FSH. This seems in agreement with Andersson's data (13) , which demonstrated for pre-pubertal testes an intense, positive immunostaining for inhibin a-subunit and bB-subunit in Sertoli cells, while in adult testes, immunostaining for inhibin a-subunit only was observed in Sertoli and Leydig cells, with no staining observed for the inhibin bB-subunit, located in germ cells from pachytene spermatocytes to round spermatids.
In summary, our study has confirmed a strong biphasic relationship of InhB with FSH during pubertal development, with the inversion of this relationship occurring in mid-puberty with the start of spermatogenesis. InhB levels increase regularly during puberty until they reach adult levels in late puberty (G4 -G5). This increase mirrors the progressive increase in testicular volume and spermatogenesis occurring in late puberty.
On the basis of literature data and these results, we can hypothesize that during late pre-puberty and early puberty, InhB is produced by Sertoli cells and may have an essentially autocrine and paracrine role in the increase and differentiation of Sertoli and Leydig cells and spermatogonia, whereas during successive pubertal stages InhB is produced by spermatogenesis cells with the Sertoli cells and its action is essentially endocrinal, as a negative feedback on the FSH-secreting pituitary cells. Further studies are in progress on models of human gonadal pathologies, to understand the mechanisms through which these changes in InhB action occur.
